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Credits

e Disclaimer: analysis developed by authors publicly within CMS

but does not represent official statement of CMS about its reach

"Spin determination of single-produced resonances at hadron colliders”
arXiv:1001.3396 [hep-ph] (Jan. 19, 2010) = PRD81,075022(2010)

Y. Gao1234 A.G.134 7 Guol3? K.Melnikov!, M. Schulze N.Tranls3

L JHU "= 2 now at FNAL

e “Time-dependent and time-integrated angular analysis B — ¢(K )"

BaBar Collaboration arXiv:0808.3586 [hep-ex] = PRD78,092008(2008)
and references

e Another paper later (some of our CMS colleagues):
"Higgs look-alikes at the LHC" arXiv:1001.5300 [hep-ph] (Jan. 29, 2010)
A. De Rujula, J. Lykken, M. Pierini, C. Rogan, M. Spiropulu
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Start with One Specific Question for LHC

e KK Graviton couples to SM through energy-momentum tensor
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— consequence: J. # 0

— only a model (“minimal”), try most general approach
— spin correlations = spin determination, and a lot more...
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Questions
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e Build on recent experience in B-physics

production e"¢~ — 1 — BB (analogy to q7 — X)
decay B — V'V (analogy to H — V'V/)
weak and strong interaction dynamics (effective couplings)

build on full angular/helicity formalism

e There is a long history (e.g. 7’ — ete efe; ete — J/Y )
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eTe” — Y (4S) — BB at SLAC

b
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Kinematics in Production

e Angular distribution of X — P P
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Polarization Experiment with B — V'V (T')

e 3 spin configurations = 3 amplitudes A, ,, (similarto H — Z7...)
|‘]va> — |O7O> = A=Ay

|, A1) |, =1, )9)
o Try K'Y — Kn(m) with JE = 00,0, 171,257,273 4", ..
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Polarization in B Decays

e “penguin” B — /" with vector (tensor) mesons
polarization puzzle BABAR arXiv:hep-ex/0303020; BELLE arXiv:hep-ex/0307014

A > [A P> A |* suppression~(m.,/mp)*~1/25
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Angular Measurements

o For K" — Kr:

e For K§*> — Knm
see PRD 77, 114025 (2008)
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Polarization in B — cpK(*) Decays

e Complex multivariate analysis with 12 parameters per channel

? (matter): |1i100\7 ‘{1++\7 ‘{1——|, arg({lgo), arg(zi1++), arg({l__)
B (antimatter): |Agol, |[A++]|, |A__|, arg(Ayy),arg(A ), arg(A )
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Polarization in B — gng*) Decays

o Puzzle J =1, not 2 [Ag|? ~ |[A > > |A__|% arg(4e) £ 0,7

Ay

BABAR JF Joo = % N
B — pK*(892)" |17 0.49440.034+£0.013

B — oK*(892)" | 17 [ 0.49 4 0.05 + 0.03

B — oK (1270)* | 1 | 0.46 1312 +0.03 0.5k
B — pK3(1430)° | 2% | 0.90170:926 4+ 0.037
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New Physics in B Decay Polarization

violate ’AQQ‘Q > ‘A_|__|_‘2 > ‘A__‘Q
SM: ¢7""(1 = )q

scalar (tensor) interaction

[ Aol > [A__P>[A
' (1+7")q

QCD rescattering,
penguin annihilation 777

no satisfactory solution...
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What we have learned

from B decays:

e power of spin correlations

e extract maximum information @ QK
e production and decay angular formalism
e surprises (either within or beyond SM)

e better to look for beyond SM in direct production

if energy reachable = move to LHC
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Production and decay of new resonances
at hadron colliders



Production of New Resonances

e Large Hadron Collider is a discovery machine
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Large Hadron Collider: starting now
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Example: Tracker in the CMS Detector
CMS Detector at LHC CMS Tracker
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CMS Tracker Performance

e Excellent performance; use parameterization for studies in this talk:

0.08

0.06

0.04

fraction of tracks/4 um

0.02

T
after alignment

rms = 31.1um

O

before alignment
rms =312.2 um
—— design (MC)

rms = 30.6 um

ICi\/IIS Iccl)slmlicl défa:

%

0 100
A dy, /N2 [um]

200

o (d,) [um]

o ©®p/p)
o
o
N

0.015}

0.005[

30

20

® DATA combined meth.

0.01f

® MC ideal
4 MC combined meth.

s e . 1
LI B
n i n P |- P 1 P n |- P 1 ]
20 40 60 80 100
[ [GeV/c]
® DATA combined meth. -

® MC ideal
4 MC combined meth. ‘ ]
b S

: []

° o |

'Y L}
0" S TR R BN S B
20 40 60 80 100
P, [GeV/c]

o(0d,y)

U(5PT/]?T)

e First paper signed by CMS collaboration (2443 authors), in JINST:

Alignment of the CMS Silicon Tracker during

Commissioning with Cosmic Rays

arXiv:0910.2505v2 [physics.ins-det] 22 Nov 2009

The CMS Collaboration’|

*See Appendix IKI for the list of collaboration members

e CMS Times in March (article “Alignment of a Giant”):

http://cms.web.cern.ch/cms/Media/Publications/CMStimes/2010/03-01/
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CMS Readiness

e Imagine 7/ —
— may look the same as one cosmic 1"
— CMS has been collecting cosmic data in 2007-2010
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Production of New Resonances

e Consider two dominant production mechanisms

g of color-neutral
j? ‘X & charge-neutral X
g«

e Gluon fusion gg— X

J=20or?2
J., =0 or £2
expect to dominate at lower mass

e Quark-antiquark gg — X

J=1or?2
J, = +1 (m, — 0)

assume chiral symmetry is exact
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Decay of New Resonances

e Consider decay back to Standard Model particles

e Decay to fermions

X — 1717, qq
spin-0 excluded m; — 0

e Decay to gauge bosons

X =y, WW~, ZZ, gg
spin-1 excluded with v, gg

again X is color-neutral
& charge-neutral
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Do we expect such new resonances?

e Spin=0 (Higgs) _—

~JP=0"SM H — ~~, WYW—, ZZ, bb, tt ==\ e
- JP =0 A multi-Higgs models o Wi R
A 'Avml‘:‘:‘:‘:“é““
: %05 R
e Spin=1 (new gauge boson) %5~ b

— KK boson, Z/ — ["]~, q¢ dominant
— plausible models when 77 and W1V dominate ( “heavy photon")

e Spin=2 ( “graviton”)
— RS Graviton 2 (minimal) < extra dim.

SM on TeV brane, (GRgrg near TeV brane
(Grs — v and [~ discovery, flavor problem

— RS G 27 (non-min.), light fermions in bulk
(K.Agashe et al., hep-ph/0701186)
Grs — W, W, and Z;Z; dominate y
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Example of Grg — 22 — 4l

e RS graviton (1st excitation) couplings o< 1/A = 1/(Mp; X G_krcﬁ)

_krcﬂ-

2 parameters: mea ~ few X k X e
c=k/Mp =0.01-0.1-~1(?)

e LHC — range of possible yields or limit tighter than Tevatron
— at lower mass, Higgs and Grg with ¢ = 0.01 similar rate

first LHC run next LHC run
1/fbat E,, =7 TeV 2/tb at E,, = 14 TeV
T 0 i e e e e e e RSG, ¢ = 0.01 10— 1 RSG,E:O-N
= \Pythia G — ZZ — 4] | Rs&ez00s - \Pythia G — ZZ — 4l | reaesor
B .. . 3 -  — iggs
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—— Tevatron limit, 3/fb 10° & —— Tevatron limit, 3/fb
10 | = g j
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o - : | E
z .t . pa = e
107 E i i
- . 10°E E
e E 102 1
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Next Steps

e Assume resonance is found = extract maximum information
— re-visit X — v, [717, qq (well-studied, but with min couplings)
— concentrate on X — Z 7, similar W11/ (a lot more to be done)
- X — 77 — 4l clean example, method is general (+jet/met)

15
- RSG 250 GeV, 4u

- RSG 250 GeV, 4e
- RSG 250 GeV, 2e2u

% | T T T T |

Q) 20 - Bkg 4u
% - Bkg 4e
-'GC_; - Bkg 2e2u
>

o

Z

10

800 250 300 350
ZZ mass [GeV]
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Kinematics of production and decay



Cartoon of an Experiment
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Kinematics in New Resonances Production

e ab — X polarization < production mechanism and couplings

—

= ~ < do.p(T1p1, Topa, ()
do() = X [ AV doidas fo(er) foles) 22 e Nt
ab X T2

P L 2
¢ & p&

¢

?*@ o J. =10 fraction f.g
g¢

>, @ 3’ J. =41  fraction f.;
g‘:%_ ‘x 3—» J, = +2  fraction f.»
¢

in general depend on LHC energy
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Kinematics in New Resonances Decay

e Only 1 angle 0" for X — ~~, "1, qq, gg (but more for Z 7, W)

) 7'
fraction f), ), = ’;A‘Xﬂg Jm rzy/
I)l : qlAl
S{b Z
0 . =

J,m) P

P !

CIP\zrzg

dF(X]—>P1P2)_< )
['d cos 6* N

2

Z f)\ A2 me (dm A — )\2(9*)>

A1,A2

: 1 : :
e Note: if /{,, =5 = cosf* flat = cannot determine spin
J

requires f,, fine-tuning (breaks by changing LHC energy)
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Examples

e if X — ~~ found and cos 6" is flat

P,
(7) spin-0 Higgs < spin-1 excluded P /XQL‘_Z,

b, p
() spin-2 not excluded N
cos 6" could be flat (but not with min coupling)
todl = (2—=2f+ f2) —6(2 =41 — [2) cos” 0" +3(6 —10/.; —5f o
5 Fd coS 0* - z1 z2 z1 22 ) COS z1 z2) COS

—|_f+— {(2 -+ 2le _ 7fz2) + 6<2 o 6le =+ sz) Cosz ‘9* T 5(6 o 1szl _ 5f22) COS4 (9*}

o if X — [T/~ found and dI" < (1 + cos* 6*)

(7) spin-1 Z’ < spin-0 excluded
(1) spin-2 not excluded
cos 0 could be the same (but not with min coupling):

16 dT’

— _ _ 2 nx . B A nx
10 Fd COS (9* - (f21 T fz2) T 3(2 szl QfZQ) COs 9 (6 1szl 5fz2) COS 9

Andrei Gritsan, JHU XXIX May 6, 2010



Kinematics of X — ZZ and WW

e Full information production & decay angles = multivariate analysis

— 77 & WIW may dominate (e.g. Higgs)

— if not, may still be the only way
to differentiate models

— not fully studied before
— concept of maximum information

Andrei Gritsan, JHU XXX May 6, 2010



Decay of New Resonances

e Experimental goal: measure all polarizations (both Z and Z')

symmetry in X — Z7: Ay ,=(-1)" A\,
if parity is a symmetry: A, ., =nx(-1)’A_, _\, (do not use)

Ago —& -
Al 4—4-9 ¢ 9-»—» >j :_Ooor2
o

A=(-1)"Ap. +—@ &’_9_’_> - J=1o0or2

Ag_=(-1)7A_, | « S =1

_(1JA+<—9—> \ |JJ2‘32

|JZ‘:01 sz leasz
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Connect “theory” and “experiment”



Amplitude for Spin-0

e Amplitude for X ,_y — V15 (compare B — 1V, PRD45,193(1992))

A= ’U_1€>{'LL€§V (algWM?( + a9 qudy + A3€ vl Q?qg)

e SM Higgs 07: (a1) CP  ~few% (ay) CP ~10710? (a3) OP

¢ o% @ S

(or beyond SM) (or beyond SM)
e 3 amplitudes ( “experiment”) < 3 coupling constants ( “theory”)
M3 My, M
AOO — X a1 + a9 Y 5 v (SC2 — 1)
(Y MX €.g. MZ2<M21
M3 My M at Mg < 2M
Ay = +—2 a1 +ias V12V2 2 —1 " ?
v M but a;(Mjp,)
2 g2 2
r="2 zM]\fVMVMVQ > 1 for > 1 = Ay) dominates for 0
1 2
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Amplitude for Spin-1

e Most general amplitude for X,y — V'V

A =y [(e1g2)(e3ex) + (&q1)(€€x)] + baeapeer” es” (1 — g2)”
1~ CP 1= OP
1+ 1™ CP

oP
Example: X Z
“*‘ ) Z

e 2 amplitudes (“experiment”) < 2 coupling constants ( “theory”)

2
m :
A+O — —AO+ — g X (bl _|_ Z/BbQ)
mz
2
m :
Aog=—-Ap = g 2 (b, — i8by)
mz

(compare 7' — 77  PRL101,091802(2008)
but b, and b, generally complex)
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Amplitude for Spin-2

e*u e*y N
A= DG hﬂwwmﬁ+QmW%M%—%ﬁQh—%W
2+ CP _—
2z '+7@5—%MQMQJ — @) (1 — @) + 2¢4 (tpaqrvgs + toateud?)
X
C5t0€ « o o
21— 42)* (1 — @)  €uupo @75 + 6t (@1 — 12) p€papd”
ot oF M

2= CP crtP
M2 (Q1 o Q2>B <€aupoqp(Q1 _ QQ)UQV + eoa/paqp(q1 - C]2)UCIH)]

e 6 amplitudes ( “experiment”) < 6 combinations of coupl. const.

e 0+ ) (2 5) -5 )
Apy = \jy—QA [ (1 + ﬁQ) + 2053 +18(c53% — 266)]

3 Cq Ce + ¢
Ao = Ags = My [ (+ﬁ)+ 5o ﬁ(G‘i‘ 75)]

My+/2A
M2

A,_=A_ = ﬂcl (1 4+ ﬁQ)
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Note about Graviton couplings

o Mini ing- 21D
Minimal GGrg coupling A o lt v {BhE

14
A

— energy-mom tensor — SM field-strength tensor | %

T = U )Fué Lg% + myeey’ & FOW = el'q) — e/q!

176}

e Consequence: ¢y = %4 ~ % (as 6 — 1) = A, &A . dominate
= production gg— X only J,. ==+2 = ., =0

= decay at mg = 250 GeV fi-+ f . =0.56, fopo = 0.11
at mg = 1000 GV f._ + f. = 0.8, fy = 0.11

e Non-minimal coupling (e.g. SM in the bulk)

dominates, fyo — 1.0

enerally Ann o M
g y 00 M2A

e Notation later: 2 (minimal ), 27 (longitudinal )
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Coupling to fermions

e For completeness X — g, also to describe qq — X:
— example of spin-2:

L,
A= Kt‘“’uql <7MACIV (p1 + p2ys) + A2 AQMAQZ/ (ps + /04’75)> Vg

e 4 amplitudes ( “experiment”) < 4 coupling constants ( “theory”)

M 2
Apy = 2\/5%1\ X/ (ﬂ:m + éj\jé( (ps F P?ﬁ))
MZ
Asgr = j\(ﬁ (Fp1 — Bp2)

e Consequence of 1, (chiral symmetry)

G = A=A _=0atm, —0
:>A”, A”:> J.==x1 Inqqg — X
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How to measure polarization



How to Measure Polarization

e Deduce all A), ), from angular distributions, but need:

(1) detector (ATLAS/CMS)

(2) MC with all spin correlations
(none before)

(3) full analytical angular distribution
(none before)

(4) fit
(learn from B's)

Andrei Gritsan, JHU XXXIX May 6, 2010



Monte Carlo Simulation

e MC program, open access: http://www.pha.jhu.edu/spin/
— complete kinematic chain (BW) ab — X — ZZ — (f1.f1)(fof2)
— calculate matrix element |/ ]? (narrow-width approximation)
— weigh or accept/discard events

e Important features:
— most general couplings for J =0, 1, 2

e.g. Higgs radiative corrections
e.g. non-minimal G couplings, Z2'—Z7 ¢

— any angular distribution from QM
— interface to detector simulation (Pythia)

e Background

— MadGraph: qq — 27 (gg— Z7 ~ 15%)
— others negligible: Zbb, tt, W W bb, WW Z, ttZ, 4b

[~ isolation, 4/ vertex, 2/ mass, (no missing energy)...
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Simulation Examples

e Higgs 0" (SM tree-level, a1) and 0~ (a3) at my = 250 GeV
— lines from derived distributions (independent, next slides)

'HH‘HH“H;‘HH? 6000F — T T T T T T T T

o 020%%. _ o0 o.0g |
08¢0y 250t5ooes, % oo 4 * Steetghetese - o X 6000
i L Y. 2000 4 0000 oo 0D - o0d %
eooofD,: roo0luelen-Leealyy 2 5 s 2eel0 s =] 8000 r
© i - [e0) -
S Q14000+ . 3 &
= 1 s | | o 6000 S 400017
4000/~ s = = - P
[22] [ 7 [22] [22] [2] L
£ 2 L 24000 c
g ] $ 2000 - 2 L ol
Woooot- - W= [ (1 2000
- cosB* b ’ b
N R R B I I I L L L Cl I
3 05 0 05 1 0 2 0 2 0 ) : 0 2 0 2
cos 6~ D, cosb, or cosb, i)
e Background qq — ZZ
-— et ool T e LT
L - [~ ® [ ] ® ®
40007 P o . | i ":‘. e.._= e. Py ) 0....'.-'3.
10000 r i | | r ]
. I — B s — . 30001
8 & 3000 . 4000~ s S : ]
o o g o r T o L i
PR £2000 1z | | e
€ 5000 c c c r
g g 22000/ - e |
i (i r 7 (i (i L
r 1000 4 [ 1 1000~
0 0 \ \1‘\“ 0““\““\“1‘2“” 07“\“‘\“\
d 2 0 2 -1 05 0 05 1 2 0 2
@, cosb, or cosb, i)
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Angular Distributions

e Connect amplitudes and angular distributions
forany J =0,1,2,3,4, ...

Aab X D;g* (Q*>BX1X2 X DJ* A2 (Q)A/\l)@

1—X2,M m,A1—
dooc 3 | 32 Au({QHF

X7/’L7T )\77’)’1,

ab— X, Q= (9,0%, —P1), {x1x2}
X — 7,75, 0 = (0,0,0), {AAg)

Zy = fifi, Q1 = (0,601,0), {u1, po}
Zy = fofa, Qo = (@, 02, =), {11, 72}

r=cafcy = Rio=2r15/(1+r12%)=0.15 (I*), 0.67 (u), 0.94 (d)
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More Distribution Examples

e Vector 17 (by) and 17 (by) at my = 250 GeV
— lines from derived distributions, points from MC

[4+]
[=]
o
o

—~ —2000
& | 3
S 2000 2
~ [ ~
2 2 |
& [ & 1000
> >
(11000 @t

—_ sk —_ —_ [ —_
2 cos 0 5k 24000 5 :
o o 5000 4 o r o L ° B
g g r g 2000 ® evE °v ev T v .
C 5000 — c c c
g | g L 2 2000 e Grrerra SReReR e EGe o cem o o g F
m (M 1000 W i W 1000/~
T S T S SR A T SN SR T 7\ | L L | L | 7\ | L L | L L |
0 05 0 05 1 0 2 0 2 0 0. 0 : 0 2 0 2
cos 0* D, cos0, or coso, il
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Explicit Distributions for any J

o dl'(ab— X — ZZ — ([i]1)([f2]2)) o

Fgh(0%) x {4 foo sin® @1 sin® 0 + (f+ + f——) ((1 + cos® 61)(1 + cos® O) + 4R1 Ra cos 01 cos 0s)
—2(fey — f-—) (R1cos b (1 + cos® 02) + Ro(1 + cos® 61) cos 0-)

+ 4~/ f1 1 foo (R1 — cos ) sin 61 (Ry — cos fs) sin O cos(P + ¢y 1)
+ 4~/ f—_ foo (R1 + cos 1) sin 01 (Rs + cos 6s) sin 65 cos(® — ¢ )

+ 24/ fi4 f—_sin® ) sin® O; cos(2® + ¢, | —gb__)} spin=0 & > 2
+4FY (6) x {(f+0 + fo_)(1 — cos® 01 cos? 03) — (f+o0 — fo—)(R1 cos b sin® O, + Ry sin® 0; cos 6-)
+ ZMSin 61 sin 05 (R1 Ry — cos 01 cos 63) cos(P + ¢ g — ¢0_)}
+4F7 L (0%) x (=1)7 x {(f+o + fo)(R1Rs 4+ cos @y cosbs) — (fro — fo_)(Ry1cosfy + Ry cosby)
+ 2/ f1ofo_ sin B sin 3 cos(® + ¢oo — qbo_)} sin 61 sin 05 cos(2W) spin=1 & > 2
+2F2‘]2(9*) X f+_{(1 + cos? 01)(1 4 cos? 05) — 4R R, cos 6, cos 92}

+2F7,(0%) x (=1)7 x f._sin® 6, sin® O, cos(4¥) spin > 2 unique

+ other 26 interference terms for spin > 2

where U =& +®/2 and Fj(07)= ) fudp(07)dg(07)
m=0,£1,£2
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Detector Effects

e Detector effects shape angular distributions (CMS as a reference):

(1) track parameter resolution = +0.01 rad angles
+3.5 GeV mass at 250 GeV

(2) loss of tracks at 1.1, < Gin (Mmax = 2.5)
(along the beampipe)

> 1j N > 1W
s | in-0 s | ~
g spin g | ]
5 || generated flat T ! 1
o 05 o 05
£ | My = 250 GeV : =
g | mg = 1000 GeV T

075 0o 05 1 032 4 0o 1 2 3

coso* D,

— major effect to account for in analysis
acceptance function G(®4, 0%, 0y, 05, P; V)

e Fast MC: reject tracks and smear track parameters

Andrei Gritsan, JHU XLV May 6, 2010



Data Analysis (shown with MC)



Analysis Goals

e Analysis depends on how we ask the question:

(1) compare hypotheses hl and h2: confidence in one vs the other

20

Bkg 4u

example (A): hl: signal + background

151

N events/2 GeV

h2: only background

example (B): h1: signal 0" (+ background) .
h2: signal 0~ (+ background) )

00 250 300 350
ZZ mass [GeV]

(2) determine all parameters at once (ultimately the best one can do)

yield, mass, width

spin (/)
coupling constants (amplitudes A, ).)
production mechanism (initial polarization f.,,)
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Multivariate Maximum Likelihood Fit

e Maximize likelihood £ (RooFit/MINUIT, from B — VV/):

N 3 L .
— exp ( Z ny — nbkg> H ( Z ny X Pr(@i; Cri &) 4 Nbkg X Prkg (T3 f))

i\ =
Cr=(Frinns Orins foms mx,'x), float n, fix or float my, 'y
T; = (0%, ®1,01,00, ;. myy,..)
e Probability P: (a) template (fixed multi-D histogram)
(b) Py=P(mzz,...)x Pigeal (0", P1, 01,05, P)xG (0", Py, 01,05, D; Yx)

e Our choice (b) < both approaches (1) and (2) possible:

(1) compare £, vs Lo with parameters fixed (/) \,, O 005 fom)

(2) fit for all parameters (i \,, Ox s fom)
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Distribution Examples (8%, ®, 6, 05, )

..- o %0 rY Py e ®
r LAd ] 3% 9%, \A A X LAJ
600012< e lon-Lesalnnyl
[e0) L
® + _
o- | O O
—4000}
~
P |
2 |
[0]
o |
W o000
o by
03 05 0 05

cos 0*

.08)

© 20001~

Events / (

1000

=]

-0.5 0 0.5
cos 0¥

10000

5000

Events / (0.08)

2t 2f 27

-0.5 0 0.5
cos 0*

cos 0

[ T s
6000 o20.%0__0 0 0g5%0 00 _oafs
Cs @ 9 ¢ o A d ] <
° o
200 D 0 00 Y .
oo © oa S P o
Q140001 -
o L i
L i
12}
% rF 4
I520005 i
ol 1 P B ‘
-2 0
cI)1

3000

0.21)

—2000

Events /

1000

i

[IRNINTE 2 T

L e LA e ]

L e L e

8000

6000

4000

Events / (0.08)

2000

-0.5 0 0.5
cosb, or cosb,

ey

—~2000

1000~

Events / ( 0.08

-0.5 0 0.5
cosb, or cosb,

4000

08)

Events /(0

2000F

-0.5 0 0.5
cosb, or cosb,

cos 01 9

[o2]
[=]
[=]
o

Events /(0.21)
3
8

20001~

2000

N N
o L ° i
2000 TUeTE ST SIS oAt higteests
= "
£ ]
S ]
> i
18} _

1000F
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Analysis Approach (1)

e Pick a test scenario with Higgs mx = 250 GeV
— signal soon after discovery = 30 events (SM Higgs rate)
— 24 background (mzz = 250 + 20 GeV, £ = 5/fb, E,, = 14 TeV)

— significance 5.70 signal /background; ~ 20% gain with angles

e Generate experiments 1000 times

— plot 2In(L,/L5) for h1 and h2
— S effective separation of peaks (Gaussian o)

100~

Experiments
Experiments

20
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Analysis Approach (1): Results

e Example of separation at myx = 250 GeV  (similar at 1000 GeV)
— with 30 events ~ 2 - 40 separation

— full event info (production+decay) = ultimate precision

1D (6°) / 3D (6),05,®) / 5D (®y,60%,0,,6, D)

0~ 1t 1- a8 2t 2~

0* 0.0/3.9/4.1 0.8/1.8/2.3 0.9/2.5/2.6 0.8/2.4/28 2.6/0.0/2.6 1.6/2.4/3.3

0~ - 0.8/2.8/3.1 0.9/2.5/3.0 0.8/1.7/2.4 2.9/41/48 1.6/2.0/2.9
1+ - - 0.0/1.1/2.2 0.1/1.3/2.6 2.8/1.9/3.6 2.5/1.2/2.9
1~ - - - 0.1/1.3/1.8 2.8/2.5/3.8 2.5/0.6/3.4
2ot - - - - 2.9/2.6/3.8 2.3/0.5/3.2

ot - - - - - 3.6/2.5/4.3

Andrei Gritsan, JHU LI May 6, 2010



Analysis Approach (2)

e More general approach: fit all parameters (spin-0: Higgs 250 GeV)
— x5 more events (150 signal & 120 background)

150—————— .

150

1o01-.J 00 — ST A2

Experiments
Experiments

O
o
L I

generated | w/o detector | with detector
Nsig 150 150 £13 153 £ 15
Joo 0.792 | 0.79x£0.07 | 0.77 £ 0.08
for—f--)/2 ] 0.000 | 0.00£0.07 | 0.01+£0.07
iy +P__)/2 T 3.1+ 0.73 | 3.20x=0.77
Gy —p__)/2 0 0.00x=0.53 | 0.01 =0.55

e Tested all 7 hypotheses at m y = 250 and 1000 GeV
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Conclusion



Conclusion

e B decays: polarization puzzle and power of angular analysis

e Resonances at LHC: either within (Higgs) or beyond SM
— maximum info = spin, quantum numbers, couplings to SM

— powerful angular technique, example X ; — ZZ /W W

— MC, angular distributions, ML fit — 3-40 soon after discovery

— model-independent approach (!)

cp X»‘,« ¢ Z-
1 p

Ao —t, 7" (7) none (7) J. =0

A .
D@ 3> J, = +1
g:?e 3_> J, = 42

May 6, 2010
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Loops

“penguin” loop mixing “box"

o B-meson physics:  test A = |A| x €'

(1) transition rate |A|?
(2) phase ¢p=arg(A)

Best constraints on supersymmetry and New Physics
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Spin Does Not Flip

e Observation |Agg|* ~ \A++\2 > |A__|? violates expectation

[Ag]? > [A P> A ]2

o It works: B — ptp [Ag?/(|Ars P+ A2+ ]Aw[?) = 0.977 (054

P .- +
PA@dR = =
4 U : :
w L no loop contribution

t ideal for C'P studies in SM
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Scrambling to Explain A, .

e “"Annihilation” mechanism

gluon to other quark
unlikely ~ 1/mp

need to cancel Ay

spin-flip heavy > 2GeV states

violates both [Ag|? > |A..|?
and |A, > > |A__|?

e No satisfactory solution
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B — oK™ polarization results

e Complex analysis with 12 independent results:

B (matter): [ Avol, [A o], 1A, arg(Ago), arg(A ), arg(A- )
B (antimatter): [Agl, |[A+. ], |A_ |, arg(Ag),arg(A. ), arg(A )

e Examples:

= arg(Aoo) 7& arg(Aii)

0 180
Q P (degrees)

—
o0
)

Events / 20 degrees
) )
S e -
4 - 4

-2AInLL
i
—

~ 1 K*(892)/K;(1430) interference

fod
@
@ [}
@ (')

ch,v.f%o%ogo resolve |A++|2 > \A__\z
O 1 2 3 4 5 6
¢ (rad)

1

e Bottom line: [Agl? = |[A P> A _|?

arg(Aop) # arg(A, )

May 6, 2010
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X — Z Z polarization notation

e Polarization notation:

l(A=0) = (5175,0,0,5%) L qf = (Mx,0,0,24)
6?()\1 — Z|I) — 7(0, :Fl, —Z,O)
(T = +2) = ey (+)e (+), ete...

e Amplitude with field strength tensor F'*¥ (e.g. graviton couplings):

A(XJZQ — VV) _ A—l [29§2)tuyF*l,quF*2,ua 4+ 2952)15#]/ Qjé\q25 F*l uaF*Q v,
* LUV ok *2, UV T 2 q~ (f“
gy (F*HH Fui 4 FrH Fui) + gfl ) 3

~/8~Oé
2)4"q
9575

—|—m%/ (29é )tweik“e;” + 296(52)

b P E Y

qN'Lan XUV k(Y kO kU 2 QMQV * sk
A2 =t (676 — 6%6Y) + g4 )Wtuvﬁ%)

2 q~ QI/
+g¢ XQ

g%)tuad'“
A2 el (e1"(qe3) + €57 (qer))

F*l aﬁF g) + ggg )tuaq e,quJETVEquU

+
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The five angles




